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INTRODUCTION 
Resting  suspensions  of yeast cells  can  acquire  the  enzymatic apparatus 
necessary to ferment previous unutilizable substrates.  The acquisition of this 
new enzymatic  property follows incubation of the cells with the substrate under 
appropriate conditions.  It has been  established  (1, 2)  that this capacity to 
form the appropriate enzyme under substrate stimulation is a gene-controUed 
character and may be inherited in a Mendelian fashion.  From the existence of 
this phenomenon of enzymatic adaptation, it is apparent that the possession by 
a cell of the appropriate gene does not per se guarantee that the corresponding 
enzyme will be found.  Substrate plays a critical rSle in evoking the complete 
enzymatic  potentiality  inherent in the genetic constitution.  Other implications 
of this phenomenon for the mechan.ism whereby genes may control enzymatic 
constitution have been discussed elsewhere (3-5). 
Recent experiments  (5) on galactose  adaptation have established  that the 
modification which a cell undergoes to be able to ferment galactose involves a 
change in the apoenzymatic or protein moiety of the enzyme system.  The 
coenzymatic portion of a galactose-adapted cell was found to be functionally 
identical with that of an unadapted one. 
The experimental procedure used in studying the phenomenon of adaptation 
in yeast usually involves placing the cell in contact with the adaptive substrate 
as the sole external source of carbon and energy.  From the point of view of 
the physiology of enzymatic adaptation, it becomes of extreme interest to de- 
termine the energy source required by the cell to make the appropriate changes 
in its enzymatic constitution.  It has been noted (7-9, 15) that the presence of 
oxygen greatly stimulates the adaptive process, and in some cases is essential 
if it is to take place.  Presumably, then, some type of aerobic metabolism is 
the primary source of energy in these instances.  It was subsequently demon- 
strated for galactose adaptation (9) that this requirement for oxygen was con- 
fined to the initial period of adaptation.  If an adequate amount of enzyme is 
built up by previous aerobic  incubation, subsequent anaerobic contact with 
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substrate will lead to the formation of more enzyme.  This was interpreted to 
indicate that sufficient enzyme had been formed in the presence of oxygen to 
permit the cell to utilize  the adaptive substrate anaerobically as a  source of 
energy for the  formation  of more enzyme. 
The solution to the problem of why aerobiosis is generally required to initiate 
the process was answered in large part by the finding (10, 11) that intact yeast 
cells cannot utilize their carbohydrate reserves anaerobically.  These reserves 
can, however, be readily oxidized aerobically by a  pathway which invariably 
results in an R.Q. of unity or slightly less with no evidence of aerobic fermenta- 
tion.  Under these circumstances it is not surprising to find that adaptation 
is difficult when initiated under anaerobic conditions, since neither the exogen- 
ous adaptive substrate nor the endogenous reserves are utilizable as sources 
of  energy.  Aerobically,  however,  the  cells  can  metabolize  the  endogenous 
carbohydrate and use the resulting energy to form the adaptive enzyme. 
The suggestion that the aerobic endogenous respiration is the main source of 
energy for  the  adaptation  to  galactose  and  maltose fermentation  makes  it 
desirable to obtain more information on the relation between the level of the 
endogenous respiration and adaptability.  It would also be desirable to know 
whether it is not possible to replace completely the aerobic endogenous meta- 
bolism as an initiator of adaptation by supplying a  suitable substrate which 
could be utilized as a source of energy under anaerobic conditions. 
It is the purpose of this paper to discuss results pertinent to these and related 
questions.  The  investigations  described  here were carried  out  with  several 
different strains of yeast.  This was done in an attempt to survey the extent 
of the range in the physiological behavior with respect to the properties being 
investigated.  Not all of these results need be reported in detail.  In each par- 
ticular instance the data on the most representative strain will be discussed, 
and, wherever deviations from this norm are sufficiently great to warrant it, 
they will be noted. 
Materials and Methods 
(a) Yeast Strains.--All strains employed were diploid, as evidenced by their ability 
to spomdate and to produce viable ascospores.  Four of these (LK2G12, 812, A1, K1) 
are representatives of S. cerevisiae.  The fifth (C)  stems from S. carlsbergensis.  All 
five can adapt to ferment galactose directly, without the intervention of cell division. 
(b) Media.--The  culture medium was made by adding the following to 1 liter of 
water:  2 gm. of autolyzed yeast extract powder,  5 gm. of bacto  peptone,  I  gm. 
(NI-I4)~SO4, 2 gin. of KH2PO4, 0.25 gm. of MgSO4, 0.13 gm. of CaC12, 7 cc. of 50 per 
cent  sodium  lactate,  and  50  gm.  of  dextrose.  After  being  brought  to  a  boil, 
the mixture is cleared by filtration and dispensed into 250 cc. Erlenmeyer flasks in 77 
cc. quantities for sterilization and use. 
(c)  Methods  of Handling  Cultures.---One  of the  problems always encountered in 
making physiological  studies  of yeast strains is  the  danger of introducing  genetic 
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can be suppressed.  It was found that maintenance of high carbohydrate concentra- 
tions and  frequent  transfers  reduces  sporulation to  an  undetectable level.  Stock 
cultures of the strains used in the present study were carried in the 6 per cent dextrose 
medium  described above and  were  transferred every 48  hours.  All cultures were 
incubated at 29°C. 
(d) Manometric Measurements.--All  measurements were done at 30.2°C.,  and the 
Warburg vessels were shaken at a rate of 110 complete oscillations per minute through 
a 7 cm. arc.  The anaerobic CO2 production was determined by replacing the air with 
nitrogen.  Inaccuracies due to retention of CO2 were reduced by using ?~/15 KH~PO4 
as the suspending medium. 
(e) Standard Suapensions.--To  facilitate the rapid preparation of suspensions of the 
desired density, a  photoelectric colorimeter was calibrated so that readings could be 
interpreted in terms of milligrams of dry weight per cubic centimeter of suspensions. 
The yeast cells were centrifuged away from the culture medium in 50  cc. tubes at 
approximately 2,500 R.V.M. for 7 minutes.  After allowing the medium to drain out, 
m/15 KH~PO4 was carefully poured down the side so as not to disturb the yeast, and 
was then poured out and allowed to drain.  This served to wash the medium from the 
sides of the  tubes.  The  cells were  then  resuspended  and  centrifuged.  This  pro- 
cedure was repeated once more.  After this the washed  cells were  resuspended in 
M/15 phosphate and  adjusted to the desired density.  Suspensions prepared in this 
way contained no detectable fermentable substrate. 
(f) Dry Weights.--Five or  10  cc.  portions of the experimental suspensions were 
pipetted into absolute alcohol, contained in Jena  164 glass filters.  The yeast cells 
were then separated from the alcohol by suction and washed with several volumes of 
30 per cent alcohol.  The weighing vessels were allowed to dry in an air oven at 70°C. 
and then removed to a  desiccator and allowed to stand until they came to constant 
weight. 
(g) Physiological State of Calls and Sterility  of Suspensions.--At  the end of every 
manometric experiment, microscopic examinations of samples from the suspensions 
were made.  The methylene blue technique was utilized to determine the number of 
dead cells.  The number of cells taking up the dye was always less than 1 in 500 in all 
experiments reported.  In aU experiments extending over 12 hours, aseptic precautions 
were employed.  No bacterial growth was noted in any of the experiments reported, 
as tested either by direct examination of stained smears or by streak plates made from 
samples of the suspensions. 
(h)  Carbohydrate Source.--Reagent  grade  glucose  was  used.  Difeo's  purified 
galactose was further treated according to a  method described by Stephenson and 
Yudkin (12) to remove contaminating fermentable sugars.  This latter method was 
modified to include two  recrystallizations from  70 per cent alcohol of the treated 
galaetose.  Merck's purified maltose was employed. 
EXPERIMENTAL  RESULTS 
(a) Aerobic A daptation 
To establish the relation between the endogenous metabolism and adapta- 
tion,  experiments  were  performed  which  compared  adaptability when  the 
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time in hours required to arrive at a  Q~** of 50 or over, subsequent to the ad- 
dition of substrate, was taken as a measure of adaptability, and is called the 
adaptation time.  To allow for a more continuous observation of the adaptive 
process, the appearance and increase of aerobic fermentation  was followed by the 
usual two-cup method (13).  This method permits R.Q. determinations directly 
from the manometric readings.  Preliminary experiments were performed with 
each strain employed to determine the R.Q. which under the conditions of the 
experiment corresponded to a  Q~c~, of about 50.  This was checked during the 
experiment by flushing the KOH-free cup of each pair of vessels and measuring 
the Q~co~ when the proper R.Q. was reached.  This method of measuring adap- 
tation times, while less accurate, is more convenient for the purposes of the 
present experiment than the direct one of making Q~, determinant on aliquots 
at specified intervals. 
The experiments were performed by allowing suspensions of the culture in 
~/15 KH~PO4 to dissimilate while shaking in the Warburg cups.  Readings 
were taken at 10 to 20 minute intervals, and, when the desired respiratory rate 
level was reached, the adaptive substrate in the side-arm was tipped into the 
main  compartment  and  the  resulting  behavior  followed,  g.Q.  calculations 
were made at 20 minute intervals. 
The results usually obtained in such an experiment are exemplified in Fig. 1. 
For purposes  of comparison  the  time course of the endogenous respiratory 
levels  is  also  reproduced.  It  is  evident that  the  adaptation  times remain 
quite  constant during the period of steady endogenous respiration.  As the 
latter enters its period of decline, there is a rise from about 3 to 6½ hours in the 
adaptation time.  This longer lag period is then maintained for over 2½ hours, 
during which period the endogenous CO2 falls from  12.5 to about 2.  Sub- 
sequent  to  this  the  adaptation  time  rises  sharply,  and  never  consistently 
levels off. 
While quantitative variations are observed when the  same  experiment  is 
done with other strains, fundamentally they all exhibit more or less the same 
behavior.  The only difference which may be mentioned is that, with two of 
the strains examined (812 and LK2G12), the second plateau observed in the 
present  instance between  180  and  340  minutes  is  absent.  The  adaptation 
time starts to rise as soon as the endogenous respiratory rate begins to decline 
and does not level off subsequently. 
The general inverse relation between adaptation time and the level of the 
endogenous respiration observed in Fig.  1 is what would be expected if the 
oxidation of the carbohydrate reserves supplied the necessary energy.  This 
inference is supported by experiments on the effect of restoring the depleted 
reserves.  This was accomplished by adding glucose to portions of suspensions 
which had arrived at low endogenous respiration rates.  After incubation for 
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in the cold with chilled buffer, and resuspended in ~r/15 KH2PO4 to the same 
density.  Their adaptation times and endogenous respiratory rates were then 
measured.  Results  obtained  in  such  experiments are  given  in  Table  I,  in 
which  are recorded respiratory rates and adaptation  times before and  after 
the glucose incubation.  In  every instance,  restoration of the  carbohydrate 
reserves and consequent elevation of the respiratory rate was paralleled by a 
corresponding decrease in adaptation  time.  Controls which were treated in 
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FIG. 1. The relation between aerobic galactose  adaptation and the rate of endo- 
genous respiration.  The ordinate of the upper curve is the adaptation time, defined 
as the time in hours required for the suspension, when placed in galactose,  to attain 
N=  a Q~o,  of 50 on galactose  (see text for details of method for determining Qgo~ values). 
The corresponding ordinate on the lower curve is the Qo= of the endogenous respiration 
(in microlitres per rag. dry yeast per hour) of the same suspension at the time when it 
was first exposed to galactose. 
exactly the same way, except that no glucose was put in during the 2 hour 
incubation  period,  showed  no  such  effect.  Analogous  findings  have  been 
reported (29)  in the case of maltose adaptation, where relatively short pre- 
treatment  with  glucose  resulted  in  marked  decreases  in  adaptation  times. 
It is worth noting that, if the data of Table I  are plotted as adaptation time 
against Qo~, the points  before and after treatment appear to lie on the same 
curve, indicating  that  is is  the  rate  of metabolism which  is decisive in  de- 
termining the ease with which adaptation takes place. 
While there is little doubt, in view of these experiments, as well as of Fig. 1, 
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some other/actors are  involved.  It will be seen from Fig.  1 that adaptation 
takes place even when most of the oxidizable reserves are gone.  This capacity 
of cells to adapt even when their endogenous Qo, has sunk to barely measurable 
levels has been noted with  every yeast strain examined.  The adaptation is 
slow, it is true, but nevertheless it does take place; and one is forced to conclude 
either that adaptation requires little or no energy or that a  source of energy 
exists  other  than  the  endogenous respiration.  This  apparent  paradox  was 
solved by the discovery (14)  that under aerobic conditions the adaptive sub- 
strate can be oxidized  before the cells are adapted  to ferment it.  Hence it 
TABLE I 
Effect of Reaaivallng  the Endogenous Respiration  on Adaptation Time to Galaztose 
Qo2 is defined as microlitres of 02 consumed per nag. dry weight of cells per hour.  Qc~2 
and Q~,  are defined analogously; the superscripts O~ and N~ refer to the gas phases used. 
Nl  Adaptation time is defined as the time in hours required to reach a Qco~ of 50 subsequent 
to addition of adaptive substrate. 
Before treatment  After treatment 
Strain 
time 
LK2GI2 
812 
QO2  Adaptation  time 
hrs. 
1.3  12.2 
5.1  8.5 
0.5  >18" 
7.6  7.0 
2.3  8.6 
0.4  16.3 
QO2  Adaptation 
kvs. 
26.1  4.2 
29.2  3.1 
18.4  7.6 
25.8  2.4 
20.2  3.2 
15.3  6.1 
* The >  sign here and in the subsequent tables signifies  that the experiment was terminated 
after this number of hours. 
can  supply the  energy required  to form the  adaptive fermentative system. 
The detailed behavior and properties of this preadaptive oxidative system are 
discussed more completely in the succeeding paper. 
(b)  Anaerobic  Adaptation without Exogenous  Substrale 
It was found in a previous investigation (9) that  some strains possessed the 
capacity to adapt  to galactose  under completely anaerobic conditions.  The 
anaerobic  adaptation  is,  however, much  slower  than  the  one reached  in  a 
corresponding culture under  aerobic conditions.  This anaerobic adaptability 
could not be referred to any observable difference in either the aerobic or an- 
aerobic endogenous metabolism.  It seemed likely, therefore, that the ability 
to initiate the adaptation anaerobically could be due to the storage of energy- 
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sufficient galactozymase  to carry the synthesis farther.  The difference between 
those strains capable  of initiating adaptation anaerobically and those which 
cannot would, from this point of view, reduce  to a quantitative difference in 
ability to retain such  compounds.  This conclusion is supported by the fact 
that all strains tested, including those that cannot start the adaptive process 
anaerobically,  are able to continue the adaptation under anaerobic  conditions 
once they receive a sufficient start. 
Further evidence  on this question was  sought by examining  the relation 
between anaerobic  adaptability and  the physiological  state of the cultures. 
The previous (9) experiments referred to were all performed on 48 hour cultures. 
It  seemed  desirable  to  extend  the  examination to  younger cultures.  The 
cellular content of the necessary energy-rich  compounds which could be used 
to initiate the adaptation would probably vary with the physiological condition 
of the cell, being presumably higher in young and actively growing cultures. 
Table II summarizes experiments  of this nature on five of the strains tested. 
In all cases, 24 hour or younger cultures possessed anaerobic adaptability with 
respect  to both galactose and maltose fermentation.  This is true also for the 
two cultures previously reported as unadaptable anaerobically on the basis 
of the examination of a 48 hour culture.  Cultures older than 24 hours begin 
to show marked increases  in adaptation time, and in some cases anaerobic 
adaptability is lost completely.  It will be noted further that, whereas  an- 
aerobic adaptation time is extremely sensitive to the age of the culture, within 
the period examined  the aerobic adaptation time shows very little difference. 
This is true for both maltose and galactose adaptation.  This comparatively 
greater sensitivity of the anaerobic  adaptation time would be expected  if the 
initiation of the adaptive process does depend on the already formed energy- 
rich compounds the cell happens to possess at the time anaerobiosis is instituted. 
Aerobic adaptation, on the other hand, would not be as sensitive,  since the 
necessary compounds  could  be formed during the course  of the respiration. 
It might perhaps be supposed that the endogenous respiration would result 
in the storage of energy-rich compounds which might be utilizable subsequently 
under anaerobic  conditions for the purpose of adaptation.  To test this possi- 
bility,  the  anaerobic  adaptation  times  of  dissimilated  and  undissimilated 
cultures were examined.  The period of the dissimilation  was kept within the 
constant-rate period  of the  endogenous  respiration.  Table  III summarizes 
the data obtained on two strains with respect  to galactose and maltose adap- 
tation.  It is seen that in every instance anaerobic adaptation time is increased 
by  dissimilation,  rather  than  decreased.  For  purposes  of  comparison  the 
measurements on  the corresponding  aerobic  adaptation times are  included. 
Here, as before, we find no observable  effect of the dissimilation  periods.  It 
must be concluded either that endogenous respiration  does not lead to a net 
increase of energy-rich  compounds, or that the compounds formed under these 34  ENZYMATIC ADAPTATION AND METABOLISM OF  SITBSTRATES 
conditions are not particularly useful in aiding the cell to adapt under anaerobic 
conditions. 
TABLE II 
The Effect of Age on Anaerobic Adaptation 
N,  Adaptation  time is time in hours required to reach a Qco, of 50.  In all eases the cells were 
in contact with 3 per cent of the substrate during the adaptation and the determination of 
NI  the Qco,. 
C1 
LK2G12 
812 
A1 
K1 
K1 
A1 
Anaerobic  Aerobic 
Strain  Substrate  Age  adaptation time  adaptation time 
Galactose 
Galactose 
Gahc~se 
Galactose 
Galactose 
Maltose 
Maltose 
]Jf$. 
18 
24 
36 
48 
18 
24 
36 
48 
18 
24 
36 
48 
18 
24 
36 
48 
18 
24 
36 
48 
36 
48 
54 
36 
48 
54 
kY$. 
5.1 
4.9 
7.8 
37 
10.3 
20.4 
>48 
>48 
8.4 
14.2 
>48 
>48 
6.5 
10.3 
40.1 
5.8 
6.4 
10.5 
36 
3.8 
6.2 
>24 
4.2 
7.6 
>18 
1.9 
2.2 
2.4 
2.3 
2.6 
2.8 
3.0 
3.0 
1.8 
2.0 
2.0 
2.2 
1.4 
1.6 
1.8 
1.7 
2.0 
2.4 
2.1 
2.6 
1.5 
1.5 
1.9 
1.8 
1.8 
2.4 
It should be remembered that this same respiratory metabolism is extremely 
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substrate is present during the metabolism.  This "directive" effect of substrate 
on the energy-yielding mechanism of the cells is a characteristic of enzymatic 
adaptation which is observed also under anaerobic conditions. 
(c)  Anaerobic  Adaptation  with Exogenous  Substrate 
The explanation offered for the  relative inability of cells in  contact only 
with  adaptive substrate  to adapt  anaerobically is based  on  the  assumption 
that neither the internal nor the external substrates are readily available as 
sources of energy for synthetic activity.  This would  imply that  anaerobic 
TABLE  III 
The Effect of Dissimilation  on Adaptation  Times 
Adaptation time is time in hours required to reach a Qc~S2 of 50.  In all cases the cells were 
in contact with 3 per cent of the substrate during the adaptation and the determination of 
N2  the QCOs" 
K1 
A1 
S~a~  Substrste 
Galactose 
Maltose 
Galactose 
Maltose 
Period of 
dissimilation 
0 
1 
Anaerobic 
adaptation time 
~f$. 
5.3 
>24 
3.3 
10.6 
>24 
6.4 
>48 
5 
>24 
Aerobic 
adaptation time 
2.2 
i  2.3 
1.5 
1.3 
i  1.7 
!  1.5  i 
[  1.8 
2.0 
I  1.8 
adaption could occur if some substrate were supplied which could be utilized 
under  these  conditions  as  a  source  of  energy.  Accordingly,  the  effects of 
adding  small amounts of glucose to  cells anaerobically adapting  to  the fer- 
mentation of galactose and maltose were examined.  Fig. 2 gives some repre- 
sentative results obtained with  galactose adaptation.  In  these experiments 
the galactose  (final concentration  of 3  per cent)  and the stated amounts of 
glucose were added simultaneously from the same side-arm after anaerobiosis 
and thermal equilibration had been established.  The first burst  of activity 
seen is the fermentation of the glucose added.  Once this period is over, the 
galactose fermentation becomes observable. 
For the purpose of comparison we may confine our attention to those portions 
of the curve above the lines corresponding to  100  per cent recovery of the 36  ENZYMATIC  ADAPTATION  AND  METABOLIS~  OF SUBSTRATES 
glucose added.  Any CO2 released in excess of these amounts must originate 
from the fermentation of galactose.  It is clear from a  comparison of rates 
beyond 120 minutes that in all cases, including the one where only 0.8 rag. was 
added, the presence of glucose enables these ceils to form galactozymase far 
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FIG. 2.  The facilitation of anaerobic galaetose  adaptation  by small  amounts of 
glucose.  (A) 4 rag. of added glucose; (B) 1 rag. glucose; (C) 0.8 mg. glucose; (D) 1 
rag. glucose, a different yeast strain, showing strain difference in response to glucose 
effect; (E) no added glucose.  Horizontal lines indicate theoretical amount of CO2 
corresponding to amount of glucose added. 
in excess of that attained in the control.  The experiment in which 4 mg. of 
glucose was added shows evidence of some galactozymase formation before all 
the  glucose had  disappeared.  This is  indicated  by the  fact  that  relatively 
vigorous fermentation is observed after 1,000 c. ram. of CO2 had been evolved. 
If no galactozymase were present, the slope of the curve would have decreased 
sharply  before this  amount  accumulated.  A  situation  of this nature  is  ex- 
hibited by curve C, in which 0.8 rag. glucose was added with the galactose. S. SPIEGEL~[AN,  ~. M. REINER~  AND  R. COB'NBEIIG  37 
Here we see an almost complete cessation of fermentation when about 80 per 
cent of the glucose added is accounted for, which corresponds  to the usual 
20 per cent assimilation.  Subsequent to this short period of zero activity, 
galactozymase makes its appearance.  It would appear from this that com- 
paratively little active enzyme is formed during the actual fermentation of the 
glucose.  Rapid enzyme formation occurs, after all the glucose has disappeared, 
with the aid of substances build up during the period of active metabolism. 
Not all strains respond equally well to this addition of glucose.  Included in 
Fig. 2 is one case (curve D) in which a ~c~ of only 6 is reached 6 hours after 
the addition of 1 rag. of glucose.  This is to be compared with 32 for a more 
responsive strain.  This value of 6 is still considerably and significantly higher 
than that of a control, which attained a Q~, of 1 in a comparable period.  No 
strain  that  we  have  examined  fails  to  improve  its  anaerobic  adaptability 
significantly on the addition of adequate amounts of glucose. 
In connection with these findings it should be noted that Schultz, Atkin, 
and Frey (8) state that they observed no stimulating effect of added glucose 
on the adaptation to galactose under the conditions of their experiment.  In 
general, the experimental set-up of these authors, being on a  macro scale, is 
not comparable to  that  employed in  the present  investigation.  No  details 
are provided of the conditions under which the effect of glucose was tested, 
and it is  therefore impossible to arrive at a  decision on the reason for the 
difference in results. 
Fig. 3  records the results of similar experiments with maltose adaptation 
under anaerobic conditions.  Here the addition of as little as 50~ of glucose 
results in a significant increase in adaptation rate over the control without any 
glucose.  Amounts equal to or smaller than 257 were not significantly effective 
under the experimental conditions described here. 
Close inspection of all curves in Figs. 2 and 3 reveals that a  decrease in 
slope occurs on exhaustion of the glucose in the medium.  This is made more 
apparent in Fig. 4, in which are plotted the rates, as ~,,  attained during the 
course of the adaptation.  The initial steady rate of CO2 evolution is due to 
the fermentation of the added glucose.  As soon as the CO2 level is reached 
which corresponds to the amount of glucose added, a fall in rate occurs, which 
is then followed by the completion of the adaptive process.  It is apparent in 
the adaptations to both maltose and galactose that, although some adaptive 
enzyme may be formed while glucose is present, most of it makes its appearance 
after the glucose is completely consumed. 
The question arises whether the presence of the adaptive substrate is neces- 
sary during the fermentation of the added glucose in order to obtain the stimu- 
lation of adaptation.  This was answered by experiments in which the glucose 
was initially added from one side-arm, while the adaptive substrate was added 
from another side-arm after all the glucose was fermented (as determined by 1200 
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Fro. 3.  The facilitation of anaerobic maltose adaptation by small amounts of glu- 
cose.  (A)  1.3 mg. of added glucose; (B) 0.9 mg. glucose; (C) 0.45 rag. glucose; (D) 
0.1  mg. glucose; (E) 0.05 rag. glucose; (F) 0.025  mg. glucose; (G) 0.01 rag. glucose; 
(H)  no added  glucose.  Horizontal  lines  indicate  theoretical  amount  of CO2  cor- 
responding to amount of glucose added. 
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FIG. 4.  Rate of fermentation during anaerobic galactose and maltose adaptation in 
the presence of added glucose, illustrating the drop in rate which intervenes between 
the exhaustion of glucose and the development of the adaptive fermentation.  Verti- 
cal lines indicate time at which all the added glucose is accounted for. 
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the cessation of COs evolution).  Fig. 5 gives the results of such an experiment 
in maltose adaptation  in  which  1.5  rag.  of glucose was  used.  The control 
experiment, in which the glucose was added simultaneously with the maltose, 
shows the usual acceleration of the onset of maltose fermentation.  In the case 
where the  maltose was  added  immediately after the  complete fermentation 
~200 
1.000 
ol 
0800 
80¢ 
O(A) 
O  / 
0  / 
0  / 
400  1.5 m~. 
200 
I  !  I  I  I 
ninutes  60  120  160  240  500 
Fxo. 5. Dependence of glucose activation of anaerobic maltose adaptation upon 
the presence  of maltose during the glucose utilization.  (A) Maltose present from 
zero time; (B) maltose added after 120 minutes.  1.5 rag. glucose added at zero time 
in both cases.  Horizontal line indicates theoretical amount of COz corresponding 
to amount of glucose added. 
of the  added  glucose, no such  acceleration is observed.  Fig.  6  records the 
results  of a  similar  experiment  in  adaptation  to  galactose fermentation,  in 
which  1 mg. of glucose was used.  Here again,  the mere fact that  the cells 
had fermented the glucose did not aid their anaerobic adaptation to galactose 
if this fermentation occurred in the absence of the adapting substrate. 
All the experiments described so far on the effect of exogenous substrate on 
anaerobic  adaptation  have  employed  glucose.  In  so  far  as  supplying  the 
energy for the adaptive processes is concerned, presumably any fermentable 40  ENZ~TIC  ADAPTATION  AND ~[ETABOLIS~  OF SUBSTRATES 
hexose would be suitable, so long as it did not specifically interfere with the 
fermentation of the adaptive substrate.  The data of Leibowitz and Hestrin 
(15)  support this supposition for yeast adapting to maltose.  These authors 
found that any of the fermentable zymohexoses, glucose, fructose, or mannose, 
was capable of stimulating the adaptation of maltose fermentation. 
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FIO. 6. Dependence of glucose activation of anaerobic galactose  adaptation upon 
the presence of maltose during the glucose utilization.  (A) Galactose  present from 
zero time; (B) galactose added after 150 minutes.  1 rag. glucose added at zero time in 
both cases.  Horizontal line indicates theoretical amount of COs corresponding  to 
amount of glucose added. 
They further found that galactose, which was not fermented by their yeast 
preparation, did not aid  in  the adaptation.  From these results it might be 
deduced that fermentability is the crucial property in determining the suita- 
bility as a stimulant of adaptation.  Unfortunately, an unequivocal interpre- 
tation of the significance of these results cannot be arrived at since the experi- 
ments were carried out  under aerobic conditions.  What  was  being studied 
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The  conclusions  derivable  from  these  experiments  are  clearly  of  great 
importance to our understanding of the actual nature of the adaptive process. 
It seemed therefore highly desirable to repeat these experiments under anaerobic 
conditions  and  to  extend  them  to  the  case  of adaptation  to  galactose.  In 
experiments  on  this  question,  cultures  were  employed  which  possessed  no 
measurable  capacity  to  adapt  anaerobically  in  the  time  allowed,  either  to 
galactose or maltose, in the absence of added fermentable substrate.  Table IV 
records observed Q~ at various intervals under the different experimental con- 
ditions.  In all the instances recorded, 1 mg. of the "exogenous substrate" being 
tested was added.  At 60 minutes, even in the most rapid fermentation, some 
TABLE IV 
Tke Effect of Various Substrates  on Anaerobic  Adaptation to Gala~tose and Maltose 
1 mg. of each substmte was added in every instance.  Strain K was employed. 
Adaptation to 
Maltose 
Gatactose 
Exogenous substrate 
Glucose 
Fructose 
Mannose 
Galactose 
None 
Glucose 
Fructose 
Mannose 
Maltose 
None 
60 rain. 
00 
92 
78 
1.2 
1.0 
03 
94 
80 
0.9 
1.1 
N2  after:  OCOs 
120miu. 
196 
145 
112 
1.1 
0.9 
1,3 
12 
8 
1.2 
1.0 
18o rain.  240  rain. 
1374 
285  340 
240  320 
1.3  1.0 
1.6  1.2 
18  26 
22  29 
14  25 
1.3  1.2 
1.2  1.2 
300 min. 
q 
37 
41 
39 
0.9 
1.0 
of this substrate still remains.  Consequently, the fermentation rates recorded 
in  the first column  (60 minutes)  are attributable to the fermentation  of the 
added substrates.  Within 80 minutes, however, these are completely consumed 
in all cases.  All subsequent Q~ values are therefore due to fermentation of the 
adaptive substrate.  Our results with respect to maltose adaptation are in com- 
plete agreement with those reported by Leibowitz and Hestrin (15).  Although 
quantitative differences exist between the effectiveness of the three fermentable 
zymohexoses, they are all able to stimulate the onset of adaptation.  Again, 
galactose,  which  was  not  fermentable  by  this  culture,  did  not  help  in  the 
anaerobic adaptation. 
As can be seen, essentially the same pattern is obtained in the case of an- 
aerobic  adaptation  to  galactose  fermentation.  The  addition  of  the three 
fermentable  hexoses  resulted  in  the  appearance  of  galactose-fermenting 42  ENZYMATIC  ADAPTATION  AND  METABOLISM  OF  SITBSTRATES 
capacity.  On the other hand, the addition of an equivalent amount of malt- 
ose, which was not fermentable by this culture, had no effect. 
These experiments suggested the possibility that conditions could be arranged 
in which galactose could stimulate the anaerobic adaptation to maltose and in 
which  maltose  could  aid  in  the  anaerobic  adaptation  to  galactose.  Since 
fermentability  seems  to  be  the  only  criterion,  it  would  be  predicted  that 
galactose would stimulate a  galactose-adapted culture to adapt anaerobically 
to maltose; and, conversely, maltose would do the same for a maltose-adapted 
culture adapting to galactose. 
TABLE V 
The E~eet of Maltose and Galac,  tose on Anaerolgc Adaptation in  Cultures Adapted 
to One of These Sugars 
N,  1.5 rag. of each exogenous  substrate were used.  The Qco, values correspond  to those at- 
tained 20 minutes after all the added exogenous  substrate was accounted for on the basis  of 
the C02 evolved. 
N2  Adaptation to  Culture  Exogenous substrate  Experiment  No,  QCO~ 
Maltose 
Galactose 
Maltose 
Maltose-adapted 
Galactose-adapted 
None 
Galactose 
None 
49 
53 
15 
17 
84 
82 
Relatively young  (36  hour)  cultures  were  used  in  these  experiments  to 
insure well adapted cells.  These experiments employed the same strain used 
in the experiments recorded in Table IV.  Instead of being grown in glucose, 
however, cultures were grown in maltose and galactose.  To minimize loss of 
the  adaptive  enzyme during  the  preparation  of  the  suspensions,  care  was 
taken to wash with chilled buffer, and the centrifugation was carried out in the 
cold.  The  results  are  recorded  in  Table  V.  In  both  instances  significant 
stimulation  of  the  adaptive  process was  attained.  The  stimulating  effects 
observed here are not as great as with glucose, mannose, or fructose.  This is 
probably due to the fact that the rate of utilization of the added substrate by 
the adaptive systems is lower than the rate of consumption of the zymohexoses. 
The data leave little doubt, however, that maltose can accelerate anaerobic 
adaptation  to  galactose  in  maltose-adapted  cells,  and  that  galactose  can 
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DISCUSSION 
The present investigation was undertaken in order to correlate the process 
of enzymatic adaptation with the energy-yielding metabolic processes d  the 
ceil.  The implicit assumption is  that adaptation requires the formation of 
some  missing  components  of  the  enzyme  system  required  to  ferment  the 
adaptive substrate.  In the case of adaptation to galactose, recent experhnents 
(6)  show that the modification involves the apoenzymatic or protein moiety 
of the enzyme system.  Whatever the details of the  adaptive  process, it is 
evident that in the yeast cell both  the anaerobic and  the aerobic oxidative 
pathways can serve as a source of energy. 
(a)  The "Activation"  Theory of Adaptation 
It  should be  exphasized that our interpretation of the r61e of oxygen in 
stimulating aerobic adaptation and of glucose in doing the same for anaerobic 
adaptation is not the usual one offered in the literature.  Previous investigators 
(7, 8) have noted that the presence of oxygen results in a more rapid onset of 
galactose fermentation by baking yeasts.  They attribute  this effect to  an 
"activation"  of  the  galactozymase  system.  The  mechanism  presumably 
invoked is the oxidation of some component necessary for the functioning of 
the galactose-fermenting system. 
In the case of adaptation to maltose, positive effects have been seen (8, 15) 
with oxygen on aerobic adaptation and with fermentable substrates on an- 
aerobic adaptation.  Here again, as in the case of galactose adaptation, the 
explanations  are  in  terms  of  "activation"  of  some  necessary  component. 
Such explanations must perforce leave the mechanism of activation vague 
both as to the nature of the component activated and the precise r61e of the 
activators.  What is, however, more pertinent to the concepts of the present 
paper is the assumption implicit in all such interpretations of adaptation that the 
complete adaptive enzyme system exists preformed in the cell but in an inactive 
state.  Adaptation from this viewpoint consists not in the formation or syn- 
thesis of some new component but in an activation analogous perhaps to the 
conversion of trypsinogen into trypsin.  It therefore is of interest to examine 
such hypotheses and the evidence for them. 
One immediate difficulty encountered by the activation hypothesis is the 
necessity for explaining why such diverse agents as oxygen, glucose, galactose, 
etc., all can activate the dormant enzyme system.  The data presented here 
make  the  situation  even  more  complicated,  since  it  becomes necessary  to 
explain how the same set of activators can be effective for two entirely different 
enzyme  systems;  e.g., galactozymase  and  maltozymase.  Leibowitz  and 
Hestrin  (15,  16),  in an attempt to get around this difficulty with respect to 
maltose adaptation, suggest that oxygen and a  fermentable substrate would 
both cause a decrease in inorganic phosphate content, and that this might in 
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It is clear from Fig. 1 and Table III that this simple interpretation of the 
effect of oxygen is  not tenable with respect  to  either  aerobic  or anaerobic 
adaptation.  If this were the case, simple exposure to oxygen should lead to 
the  onset of adaptation.  We  see  on  the  contrary  that  such  pretreatment 
quickly leads to decreased anaerobic adaptability, and ultimately to an in- 
creased lag in aerobic adaptation.  Again (Figs. 5 and 6), as concerns the effect 
of fermentable substrate on anaerobic adaptation, mere exposure to the latter 
is not sufficient.  The  important point demonstrated by these  experiments 
is that none of these "activators" is effective, if the cells are exposed to them 
in the absence of the adaptive substrate.  If the mechanism whereby these 
activators evoked activity were through such a generalized non-specific effect 
as depression of the inorganic P of the cell, it should not make much difference 
whether the adaptive substrate were present during their action or immediately 
after they had accomplished the non-specific effect.  The same reasoning can 
be employed against the suitability of the hypothesis which assumes activation 
through  oxidation  of  some  preexisting  but  critically  necessary  component 
which is inactive in the reduced state.  It is difficult to see why the presence 
of the adaptive substrate should be necessary during the oxidation of a  sub- 
stance which already exists in the cell. 
These experiments also make completely untenable a  suggestion by Sevag 
(27).  He supposes that the shortening of the induction period in galactose 
fermentation may be  due  to  the  oxidation of  the  polysaccharide reserves, 
which might constitute a barrier against galactose.  Once these are removed, 
presumably the galactose could "get at the key enzymes."  Again, such an 
explanation would imply that adaptation would occur independently of the 
presence or absence of the adaptive substrate during the oxidation.  Indeed, 
it would be  expected here also that previous dissimilation should curtail or 
eliminate the time usually required for adaptation. 
The fact that pretreatment with glucose leads to acceleration of galactose 
and maltose adaptation would seem at first glance to contradict the statement 
that  the adaptive substrate  must be  present  during the metabolism of the 
activating substrate if stimulation is to occur.  However, in such instances, 
it  is  the  utilization  of  the  polysaccharide formed during  the  pretreatment 
period which acts as the accelerator when the adaptive substrate  is added. 
This is supported by the fact that such pretreatments are only effective in 
stimulating  adaptation  aerobically;  i.e.,  under  conditions  permitting  the 
utilization of the carbohydrate reserves.  As has been shown (Figs. 5 and 6), 
they have no effect on subsequent anaerobic adaptation, under which condition 
the polysaccharide reserves are not effectively  utilizable. 
There are several other types of experiments which it is pertinent to examine 
in any attempt to develop an adequate picture of the mechanism of adaptation. 
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culture fully adapted to some substrate (e.g., galactose)  and adds glucose, the 
adaptive enzyme activity begins  to fall.  Again,  if we take a  culture fully 
adapted to galactose,  and expose it to oxygen in the absence of the adaptive 
substrate, the adaptive enzyme activity begins  to disappear (5).  The same 
culture will lose relatively little of its enzyme activity if kept under anaerobic 
conditions.  The interesting thing here is that the same agents (oxygen and 
glucose) which stimulate the appearance of the adaptive enzyme system also 
accelerate  its disappearance.  Such diametrically opposed effects of the same 
agents could  be  explained  only with great difficulty on the basis  that they 
function by activating some preexisting  component.  In  this connection  it 
should be recalled (Fig. 4) that rapid formation of adaptive enzyme stimulated 
by glucose only occurs after the latter has been exhausted from the medium. 
This again is difficult to reconcile with any simple activating function of the 
glucose. 
Experiments with  cell-free extracts are also  difficult  to explain  from the 
point  of view  of activation of some preformed element.  It has long  been 
known that cell-free extracts may be prepared from galactose-adapted cultures 
which will actively ferment galactose.  Similar preparations from unadapted 
cultures, while  active against glucose, will not ferment galactose.  But not 
one of the "activators"  which have been found to stimulate galactose adaptation 
in the intact cell is effective in evoking such activity from unadapted extracts. 
This result is not easily reconciled  with any "activation" hypothesis, since 
we know from the experiments that all the essential components of the galacto- 
zymase system can exist and function in such cell-free extracts. 
(b)  The Relation  of Preformed Enzymes  to Adaptation 
There are certain experimental  results which appear at first to be at variance 
with  those  reported  on  galactose,  and  which  would  indicate  that  enzyme 
systems can exist in vivo in an inactive form and become activated as a result 
of certain relatively non-specific procedures.  It has been possible to extract 
cellobiase from yeast which failed to exhibit any capacity to ferment cellobiose 
(17).  Invertase has also been demonstrated in extracts derived from Schi~.o- 
saccharomyces  octosporus,  which is not able to ferment sucrose (18).  Similarly, 
trehalase was obtained from yeast which in rivo failed to act on trehalose  (19), 
and hydrolases of melibionic acid and maltose carbonic acid from yeast which 
could not act on these substrates (20).  We might also note that lactase was 
observed  in Escherichia  coli  mutabile variants which  were non-fermenters of 
lactose (21).  Finally, yeasts which cannot ferment maltose yield on extraction 
or drying preparations which possess maltase activity as measured either with 
maltose or a-methyl glucoside  (15). 
One might be tempted to take these instances of undoubted activation of 
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are, however, certain experimental facts which  make  it doubtful whether a 
direct application of these findings to the phenomenon of enzymatic adaptation 
is possible. 
In the first place, it should be noted that all of these instances deal with 
disaccharide fermentation.  The work of Doudoroff and  his  colleagues  (22) 
has demonstrated that the disaccharide sucrose may be split into its component 
hexoses in two ways.  One is the well known hydrolytic cleavage effected by 
the enzyme sucrose.  The other mechanism involves a sucrose phosphorylase 
by means  of which  the  sucrose is  dissociated  into glucose-l-phosphate and 
fructose. 
Furthermore, it was observed (23) that the sucrose phosphorylase is purely 
adaptive, and can be observed only in preparations derived from cells grown in 
the presence of sucrose.  The hydrolytic enzyme, on the  other hand, was  a 
constitutive one, and could be obtained from glucose-grown cells. 
Thus, when enzymatic activity on some substrate is observed with unadapted 
dried cells or extracts as well as with intact cells incubated with the substrate, 
one may not infer that the enzymes involved are identical.  It may be, as it 
is in  the case of sucrose cleavage, that the adaptive enzyme formed by the 
cells in response to substrate is entirely different from the one which mediates 
the activity evoked by such procedures as drying and extraction.  It is there- 
fore not legitimate to conclude, as do Deere et al.  (21), that the same enzyme, 
lactase, ispresent in both the fermenting and the non-fermenting variants of 
E.  coli,  and  that the sole difference between them is that in the fermenting 
variant  the  lactase  is active, whereas in  the negative strain  this  enzyme is 
inactive.  It is necessary to exclude the possibility that the mutation to lactose 
fermentation  might  involve  the  formation  of  some  other  lactose-splitting 
enzyme.  This possibility is pointedly emphasized by the finding by Monod 
and Lwoff (24)  that the mutation per se is not sufficient to result in the ap- 
pearance  of  enzyme  activity.  Previous  incubation  with  the  substrate  is 
essential if the enzyme is to be observed.  In other words, mutation results 
in the capacity to form an adaptive enzyme enabling the cell to ferment lactose, 
and is not simply a  question of an activation by the mutation of a preexisting 
enzyme which is present in an inactive form.  We have here in the lactose- 
positive strain  a  case strikingly  analogous to the  sucrose one,  in  which  an 
adaptive system using the same substmte may be induced in the same cell. 
The investigations of Leibowitz and Hestrin  (15) on maltose fermentation 
in yeast indicate strongly that this situation obtains also in the case of adap- 
tation to maltose.  These authors found that the enzyme system which appears 
on contact of the yeast cells with maltose does not possess the properties ex- 
pected  of  maltase,  the  hydrolytic maltose-splitting  enzyme which  can  be 
detected in  dried  unadapted  yeast.  Maltose-adapted  cells ferment maltose 
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drastically inhibit maltase.  On the other hand, no fermenting capacity was 
observed at pH 7.0, where maltase is maximally  active.  Furthermore, maltose- 
adapted cells could not ferment a-methyl glucoside,  a  specific substrate for 
maltase under the conditions of the experiment.  It seems necessary to conclude 
here again that the adaptive enzyme formed during incubation with substrate 
is different  from the constitutive hydrolytic  enzyme  demonstrable in the extract. 
Finally, the results of experiments  on galactozymase in cell-free extracts 
of adapted and unadapted cells (6) make it extremely unlikely that any pre- 
formed enzyme occurs in this important case. 
In view  of the foregoing  considerations,  all these instances of activation 
of preexisting  enzymes by procedures  which destroy or disturb cell structure 
may be quite misleading, and it would be hazardous to accept them as models 
of the adaptive process.  They certainly cannot be used as evidence against 
the hypothesis that enzymatic adaptation involves  the formation of a  new 
enzyme component. 
(c)  The R~le of the Specific Substrate in Enzymatic Adaptation 
It seems evident that a crucial aspect of the adaptive process  is the r61e 
of the adaptive substrate.  Inherent in this same aspect of the problem is the 
specificity of the adaptation with respect to the adaptive substrate.  The fact 
that the latter must be present during the active metabolism of either the 
endogenous  or  exogenous  substrates  is  convincing  evidence  of its  critically 
directive r61e.  Certainly one of the most serious criticisms that can be leveled 
at the activation hypotheses is their failure to provide a mechanism for this 
feature of  the adaptive process  which  is  its most unique and  outstanding 
characteristic. 
The critical r61e of maltose in maltose adaptation was clearly recognized by 
Leibowitz and Hestrin  (15, 16, 29).  They point out that, while  treatment 
with glucose  shortens the induction period  prior  to maltose adaptation, it 
does not abolish it.  They therefore suggest that some catalyst derived from 
the maltose must be formed.  The nature of this catalyst is, however,  not 
further detailed.  Some hint as to its nature may perhaps be gained from some 
of their results.  They find that a-methyl glucoside inhibits the onset of the 
maltose fermentation, although it has little effect on the fermentation once it 
is started.  Further, t~-methyl glucoside has no effect on the maltose adap- 
tation.  Pretreatment with glucose does not abolish  the inhibitory effect of 
the a-methyl glucoside.  High concentrations of maltose can partially over- 
come the a-methyl glucoside inhibition. 
It would seem from these results that, in the early stages of the adaptation, 
a-methyl glucoside can compete successfully with the maltose for some active 
group.  Combination with this active group by maltose is apparently essential 
for the progress of the adaptation.  The a-methyl glucoside thus may function 48  ENZYMATIC  ADAPTATION  AND  METABOLIS~f  OF SUBSTRATES 
as an inactive analogue of maltose and by tying up the available centers prevent 
their combination with maltose.  The fact that ~3-methyl glucoside cannot so 
function is evidence that the active groups being competed for are specific for 
a-glucoside linkages.  The catalyst whose formation is postulated by Leibowitz 
and Hestrin may therefore well be an enzyme which can unite with compounds 
containing the a-glucosidic link. 
The available data on enzymatic adaptation can be consistently explained 
on  the  hypothesis that  enzyme formation  is  involved.  The  fact that  the 
presence of substrate is necessary can be understood on the basis that combi- 
nation between the substrate and the enzyme is essential for the synthesis of 
more enzyme.  The fact that the kinetics of the appearance of enzyme activity 
is autocatalytic (3,  30, 31) has been taken to signify the existence of a  self- 
duplicating  enzyme-forming system  (3,  4).  In  any case,  the  simple  mass 
action law proposed  by Yudkin  (25)  seems inadequate  to explain the facts. 
This hypothesis has been  criticized on other  grounds by Monod  (32),  who 
suggests that adaptation involves the combination of substrate with relatively 
non-specific enzyme precursor (26). 
It has been proposed (3)  that the autocatalytic system observed is a  cyto- 
plasmic  component  consisting  of  a  plasmagene-enzyme  complex  which  is 
stablized by substrate.  The data presented in the present paper on the re- 
lation between adaptation and the metabolism of exogenous and endogenous 
substrates are consistent with the general view that enzyme adaptation involves 
protein modification requiring energy-yielding  metabolic reactions. 
SUMMARY 
The  source  of  energy-  for  enzymatic  adaptation  has  been  investigated. 
Aerobically, it  is found that  the endogenous carbohydrate reserves may be 
used as such a source.  In cells depleted of their reserves, the adaptive substrate 
itself can be oxidized even while it cannot be fermented, and so can serve as a 
source  of energy for the  adaptation  to  a  fermentative mode of utilization. 
Anaerobically, adaptation may occur at the expense of stored energy-rich 
compounds, while the reserves and the adaptive substrate are now useless as 
fuel.  Such compounds appear to be more plentiful in young than in old cells. 
The addition of any fermentable substrate,  such  as glucose, leads to  rapid 
anaerobic  adaptation.  Experiments  in  which  maltose-adapted  cells  are 
adapted anaerobically to galactose with the aid of a little added maltose, and 
conversely,  ~how  that  fermentability is  the  criterion  of  usefulness for  an 
exogenous substrate in aiding the adaptive process. 
None of the  endogenous and  exogenous energy sources  which  have  been 
investigated will facilitate adaptation unless the adaptive substrate is present 
while they are being consumed. 
The  significance of  these  findings and  the  adequacy of  "activation" hy- 
potheses to explain enzymatic adaptation has been discussed. S.  SPIEGELMAN, J.  M.  1ZEINER, AND R.  COHNBERG  49 
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